In the ternary system Zr-7Nb-1Al (wt.%), by means of small variations in the Nb content, it is possible to obtain after water quenching any of the following: a)spontaneous martensite; b) spontaneous martensite plus beta phase retained; c) only beta phase. The beta phase always contains omega precipitates. After quenching, two types of spontaneous martensite have been observed: acicular a' and bent ah. The latter has a curved interface with respect to the beta matrix. A third type of martensite at, can be induced by deformation of the beta phase, and appears as sharp needles on the sample surface. Habit plane determinations of spontaneous acicular a' and deformation induced a '~ martensites result in poles close to {334),3.
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In the ternary system Zr-7Nb-1Al (wt.%), by means of small variations in the Nb content, it is possible to obtain after water quenching any of the following: a)spontaneous martensite; b) spontaneous martensite plus beta phase retained; c) only beta phase. The beta phase always contains omega precipitates. After quenching, two types of spontaneous martensite have been observed: acicular a' and bent ah. The latter has a curved interface with respect to the beta matrix. A third type of martensite at, can be induced by deformation of the beta phase, and appears as sharp needles on the sample surface. Habit plane determinations of spontaneous acicular a' and deformation induced a '~ martensites result in poles close to {334), 3. It is concluded that more than one inhomogeneous shear system can be active, consistent with the twinned and untwinned morphologies of a' and a f D martensites respectively. This also explains the curved macroscopic interface of the bent martensite a ' c . 1 . Introduction.-For certain compositions of Zr and Ti base alloys it is possible to induce a martensitic transformation either by quenching or by deforming the parent phase at a given temperature (1-4).
The high temperature bcc structure transforms into a hexagonal one in Ti, Zr and their dilute alloys Ti-Cu ( 5 ) , Ti-Mo (6), Ti-Mn (7), Ti-Ta (8) , Zr-Nb (2) , and Zr-Mo (9), whereas for more concentrated alloys an orthorhombic structure has been observed: Zr-Th (10).
The microstructure of the martensites has been studied by TEM. It has been found that they contain dislocations (mainly when stress induced) or {10Tl~~r twins (when formed spontaneously on cooling).
By applying the Bowles-Mackenzie (B-M) phenomenological theory (11) with an axial ratio of c/a=1.59 for Ti and Zr, and assuming that the inhomogeneous shear system is a type I twinning with {lOTl} plane and an irrational direction (class A type transformation according to B-M) a habit plane orientation close to (344)~ has been calculated as one of the possible solutions (ad+) in the B-M theory.
Experimental habit plane determinations sometimes agree with the calculated ones, for example for Ti-5Mn (7) , but very often planes close to I334), instead of have been reported. Although the difference in orientation between a 1344)0 and a I33410 habit is small, it is an important question which one is observed and why, since it can give some information on the transformation mechanism.
The analysis of the crystallography is often difficult in these alloys, since the martensitic transformation on cooling generally is complete or nearly completeIn order to determine the habit plane after a complete transformation it has to be assumed that interfaces observed are the habit planes and that the orientation generally the B phase regions are so small that they can be analysed only by TEM, which implies a rather large error in the determination of the orientation relationship.
Therefore, in order to resolve the question to what extent the phenomenological theories can predict the crystallography of the nartensitic transformation in Ti and Zr alloys, it is necessary first to make precise measurements in partially transformed alloys, whose orientation can be studied by Xrays. In this paper such measurements are reported and their results are evaluated for ternary Zr-Nb-Al alloys.
2.
Experimental procedures: Button shaped alloys of about 15 grams each with compositions in the range Zr-7 to 7.5 wt% Nb-lwt% Al where prepared and homogenized by remelting at least four times in an arc furnace with non consumable tungsten electrode and cooled copper crucible under argon atmosphere.
The samples were encapsulated in silica tubes and sealed in vacuum. After annealing them at 1000°C for times ranging from 1 to 48 hours they were quenched by breaking the capsule in water.
In order to get deformation induced martensite, samples were spark machined into parallelepipeds, and tested in compression at room temperature.
The metallographic preparation of the surfaces was made by grinding with emery paper (up to 600) and finally polishing chemically in a solution consisting of 5 parts hydrofluoric acid, 45 parts nitric acid and 50 parts water.
Results:
For those alloys which remained B after quenching, martensite was induced by deformation.
It is denoted by ad. Those alloys which transformed partially on quenching (spontaneous martensites plus beta phase), showed two different morphologies, a straight acicular martensite denoted by a' and a bent martensite with a curved interface, denoted by a&.
Each of them will be described separatelya) Deformation induced martensite a ; : Depending on the amount of deformation of the samples, it is ~ossible to observe either the material completely transformed, or a few variants of martensite plates within the B matrix.
When the deformation is stopped just after reaching the u0.2% elastic limit, it is possible to observe single plates as shown in Fig.1 . As can be seen, the interface is straight and well defined.
b) Spontaneous martensite a':
Ternary alloys with less than 6 wt% Nb transform completely to martensite and have a morphology similar to that observed in binary Zr-Nb alloys with 0,8 to 7 wt% Nb (2) (Fig.2) .
In alloys with 7 to 7.5wt% Nb the transformation is only partial and long straight martensite plates are found after quenching. c) Bent martensite a'c:
In the 7 to 7.5 wt% Nb alloys, sometimes coexisting with straight martensite plates also bent martensite is found, whose interface with the ! 3 phase looks curved (Fig.3) .
It seems to be more favoured when the amount of phase transformed is small compared to the remaining beta. We can distinguish those plates which on the average remains straight, although they contain curved segments, from those which are completely curved.
Also mixtures of both a' and a& are found (Fig.4) .
The different morphologies are not due to local changes in composition; this was checked by the EDAX method (Energy dispersive X-ray analysis). d) Habit plane determinations: The habit planes were determined for spontaneous and deformation induced martensites by the two surface analysis. In order to obtain large 13 phase grain sizes for an easier determination of the orientation by X-rays, the samples were annealed longer times (up to 48 hours) before quenching. The habit planes which were measured are shown in Fig. 5 . It can be seen that the poles for the deformation induced and for the spontaneous martensite, cluster near the (334)8 plane, and thus are definetely not near to (344)0 within the experimental scatter. 4 . Discussion: The present results are in agreement with the {334} habits deduced indirectly for completely transformed martensites in the binary Zr-Nb alloys after quenching (2) .
In the Zr-Nb as well as in the ternary Zr-Nb-A1 (1) the spontaneous martensites are internally twinned in {10'r1) planes, and thus from the phenomenological theory with a {10il} type I twinning as the inhomogeneous shear mode, a {344)0 would be expected in contrast to the experimental results. Several factors can be responsible, which will now be discussed in turn:
a) The habit plane is slightly distorted elastically, which can be described by a distortion factor 6 different but close to 1. This was the approach made by Bowles and Mackenzie in order to explain the I3341 habit. The inclusion of a 6fl in the theory seems to be unsatisfactory, since it is not needed in the transformation from bcc to hex in many thermoelastic alloys based on Cu, Ag and Au. In those cases in which the phenomenological theory with a single shear mode does not work, a 6fl does not improve it (CUS~: (12) (13) (14) and "225" martensite in steels (15)).
b) The inhomogeneous twinning mode has the (10il) plane, but a rational twin direction. This would imply that the orientation relationships between the matrix and each of the twin related martensite crystals are not the same. This type of shear would bring the habit plane indeed closer to a I3341 pole, but this mode has never been reported to hold, not even in the thermoelastic alloys, and therefore seems to be unlikely. c) More than a single inhomogeneous shear system is active. It has frequently been found that the single shear phenomenological theory does not predict well the crystallography when there is an indication (by TEM for example) that more than one system is active. This possibility will be discussed together with the next one (point d) in more detail below. d) An additional accommodation shear in the matrix. Since to each shear system in the matrix corresponds a system in the martensite, the formal description of both cases, c and d, is very similar. Therefore it is convenient to discuss first the arguments in favor of a second shear system independent of whether it occurs in the martensite during the transformation or in the adjacent matrix. Strong support for this hypothesis is the existence of the bent martensite. By TEM it had been shown (1) that this martensite is also twinned on a {loll) plane but that the twin thickness varies irregularly instead of following the ratio 1:3 expected from the theory and observed experimentally for the straight twinned martensites in many Ti and Zr alloys. The possibility of ascribing the curved interface of the bent martensite to the higher elastic constants of Zr as compared to brasses can be discarded since in many iron alloys with still higher elastic constants plane interfaces occur. If an invariant plane is to exist in the bent martensite, it must be present between the matrix and each of the twin variants separately, at least to a good approximation. This is possible only if in addition to the twinning a second shear system is present. Indeed, for c+a shear on the {10i1} plane a habit near (334)~ can be predicted.
Since dislocations with c+& Burgers vectors have frequently been observed in hexagonal Ti and Zr alloys (17) , this shear system is the one that is activated.
When martensite is induced by deformation no twins are present (1) and the habit is near I33410. Thus the inhomogeneous shear is solely a slip shear, again of type I10i11 <1123>.
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A {l~il) ~1 1 2 3 >in the martensite corresponds to a {lOl)< 111 > system in the B phase, which is a common slip system in the bcc structure. Therefore it is well possible that (instead of or together with the additional inhomogeneous transformation shear) an accommodation shear on a (101)<111> system of the adjacent 6 phase is activated, at least partially. The necessity of having some accommodation shear in the matrix is emphasized by the fact that martensite can be stress induced only when the critical stress for plastic deformation of the matrix is reached. This conclusion has been drawn from the observation that the stress necessary to induce martensite decreases with increasing temperature. This corresponds to the normal temperature dependence of the yield stress for plastic deformation. If the stress acted only as a thermodynamic variable to induce the transformation, the temperature dependence would be the opposite (1).
The discussion has shown that the martensitic transformation in the ternary ZrNbAl alloy cannot be explained by a twin shear as the sole inhomogeneous transformation mode. In fact, the twins are observed only when the transformation occurs at higher temperatures, and not when it is induced at room temperature. This indicates that twinning is only a high-temperature mode. This assertion finds some support considering that the {10i1)<1123> is also a deformation mode during plastic deformation of Zr and Ti alloys, but only at higher temperatures. A tentative explanation of the results discussed thus may be sought in the possibility that by decreasing MS the inhomogeneous twin shear becomes less and less favorable and other deformation systems in the martensite or in the B phase matrix become important.
5. Conclusions: Habit plane determination of spontaneous acicular martensite a' and deformation induced martensite ah have been performed in Zr-Nb-A1 alloys by means of the two surface analysis technique, using optical microscopy and X-rays. The measured poles appear close to the {33410 pole.
From the discussion it is concluded that more than one operative system can-be active for the inhomogeneous shear. This is consistent with the twinned (1011) morphology of spontaneous acicular martensite and with the morphology of the deforms tion induced untwinned martensite having {l~il) <llT3 > slip system as lattice invariant deformation. It explains also the curved macroscopic interface observed in the bent martensite aTD.
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